Thiobacillus. J. Bacteriol. 85:595-603. 1963.-An organism isolated from acidic copper-leaching waters has been shown to oxidize ferrous ions, sulfur, and metallic sulfides but exhibit peculiar responses to thiosulfate. The name Thiobacillus ferrooxidans has been used to describe it. A pH of 2.5 is optimal for growth on iron, sulfur, and metallic sulfides, but cells free from iron can be obtained from growth at pH 1.6, and sulfur cultures adjusted to pH 5.5 readily attain a pH of 1.8. A stationary cultivation procedure appears superior to percolation techniques for studying the oxidation of finely divided metallic sulfides. Concentrations of soluble copper in excess of 1 g per liter were obtained from chalcopyrite in less than 4 weeks. Chalcocite oxidation proceeded in the absence of iron. Sodium chloride inhibits iron oxidation without preventing oxidation of metallic sulfides by the organism.
An organism isolated from acidic copper-leaching waters has been shown to oxidize ferrous ions, sulfur, and metallic sulfides but exhibit peculiar responses to thiosulfate. The name Thiobacillus ferrooxidans has been used to describe it. A pH of 2.5 is optimal for growth on iron, sulfur, and metallic sulfides, but cells free from iron can be obtained from growth at pH 1.6, and sulfur cultures adjusted to pH 5.5 readily attain a pH of 1.8. A stationary cultivation procedure appears superior to percolation techniques for studying the oxidation of finely divided metallic sulfides. Concentrations of soluble copper in excess of 1 g per liter were obtained from chalcopyrite in less than 4 weeks. Chalcocite oxidation proceeded in the absence of iron. Sodium chloride inhibits iron oxidation without preventing oxidation of metallic sulfides by the organism.
Within the past few years, a number of reports have appeared on the isolation and properties of acidophilic bacteria capable of oxidizing ferrous ions. The first of these organisms, described in detail by Colmer, Temple, and Hinkle (1950) and Temple and Colmer (1951) , was assigned the name Thiobacillus ferrooxidans. Tests with finely ground pyrite (Temple and Delchamps, 1953; Bryner et al., 1954) revealed that these bacteria could rapidly oxidize the solid metallic sulfide and confirmed the observation of Leathen, Braley, and McIntyre (1953) that T. thiooxidans could not. A similar organism was described by Leathen and Braley (1954) and Leathen, Kinsel, and Braley (1956) and named Ferrobacillus ferrooxidans because, in contrast to 1 Present address: Syntex Institute for Molecular Biology, Palo Alto, Calif.
T. ferrooxidans, it could not be shown to oxidize sulfur or thiosulfate. Still another iron oxidizer was named F. .sulfooxidans by Kinsel (1960) because this organism could oxidize sulfur and iron. Apparent oxidation of thiosulfate by this organism was attributed to chemical generation of sulfur at low pH and subsequent biological oxidation of the sulfur.
Because their isolates oxidized ferrous ions, sulfur, and metallic sulfides, Bryner and Jameson (1958) suggested that the strains were similar to T. ferrooxidans. The isolates studied here likewise correspond to T. ferrooxidans and, until evidence proves otherwise, have been considered isolates of this described species.
Detailed biochemical studies on the growth and metabolism of T. ferrooxidans were made by Silverman and Lundgren (1959a, b) (Leathen et al., 1956) with an equal volume of 9K inorganic salts medium containing 4% FeSO4 * 7H20. Plates poured with this mixture set firmly after autoclaving for 7 min at 15 psi. Although some brown discoloration was observed occasionally, this did not interfere with colony formation. All pH adjustments were made with sulfuric acid or ammonium hydroxide.
Analytical procedures. Total soluble iron (Fe++ and Fe+) was determined spectrophotometrically with potassium thiocyanate (Sandell, 1959) . To a sample containing 5 to 60 ,ug of total iron in 4 ml of water were added 0.5 ml of 6 N HCl and 0.05 ml of 0.6% hydrogen peroxide. After the solution had been thoroughly mixed, 0.5 ml of 2% potassium thiocyanate was added, the solution remixed, and the absorption at 440 m, determined immediately. A standard curve was prepared by use of ferrous ammonium sulfate. Soluble ferric ion was determined as above, without peroxide, and the ferrous ion by difference.
Soluble copper was measured spectrophotometrically by extraction of the diphenyldithiocarbazone complex from 0.01 N hydrochloric acid into carbon tetrachloride (Sandell, 1959) .
Sulfate was determined gravimetrically by precipitation as barium sulfate.
Nitrogen content of bacteria, washed by repeated centrifugations in distilled water (pH 2.5 with sulfuric acid), was determined after micro-Kjeldahl digestion by direct nesslerization (using cell suspensions) or microdiffusion (Conway, 1947 ).
Cultivation of bacteria. Special techniques were required for cultures on sulfur and metallic sulfides. Sulfur cultures were prepared by sprinkling 0.5 g of flowers of sulfur on 50 ml of 9K inorganic salts medium (pH 2.8) in 300-ml screw-capped bottles. The bottles were sterilized by steaming for 20 min on 3 successive days. Metallic sulfide cultures consisted of 50 ml of 9K salts medium (pH 2.5) plus 0.5 g of minus 325-mesh mineral (<44 A diam) autoclaved in 300-ml bottles. These bottled media are referred to as "stationary cultures."
Percolators (Bryner et al., 1954) contained 200 g of acid-washed Ottawa sand intimately mixed with 2.5 to 10 g of mineral (usually -325 mesh), supported on a pad of glass wool, plus 250 ml of 9K salts medium (pH 2.5). The percolator and medium were sterilized separately by autoclaving. The 
RESULTS
Isolation of the organism. The strain of T. ferrooxidans used in most of the experiments was isolated from percolator liquid after the percolator containing chalcopyrite (CuFeS2, mineralogical grade) had been inoculated with 5 ml of acidic mine water and the liquid circulated for 39 days. Loopfuls of the percolating solution were spread on silicic acid-ferrous sulfate plates. From these plates, 22 colonies were picked, and all yielded colonies on a silicic acid-ferrous sulfate subculture. Subcultures of five colonies have been maintained by biweekly transfers in tubes containing 10 ml of Silverman and Lundgren (1959a) medium.
More recently, direct inoculations of ferrous sulfate-9K medium with water from a number of commercial copper-leaching operations in British Columbia, Arizona, and from the Rio Tinto mine, Huelva, Spain, yielded active iron-oxidizing cultures after 120 hr of shaking at 35 C. The organism in each case has been isolated as above and has been a short, gram-negative rod, with the properties of the original isolate maintained in our laboratories.
Preparation of cell suspensions. Active cells were obtained by resuspending colonies from silicic acid-FeSO4 plates in distilled water at pH 2.5, allowing the suspension to stand for 30 min, and recovering bacteria from the supernatant by centrifugation at 500 X g for 10 min. The sedimented cells were suspended in a 1:10 dilution of 9K salts solution (pH 2.5). Subsequently, cells from liquid cultures were demonstrated to be equally active, so that inocula propagated in shaken flasks of liquid 9K-FeSO4 medium at pH 2.5 or 1.6 were used routinely in later experiments.
Iron oxidation. The ability of the organisms to use as energy sources 1 % solutions of various inorganic ferrous salts in the 9K salts medium (pH 2.5) was measured by the oxidation of the iron to the ferric state, In addition to ferrous sulfate, ferrous ammonium sulfate and potassium ferrosulfate were oxidized, but ferrous chloride and ferrous nitrate were not. Subcultures from ferrous chloride and ferrous nitrate cultures into ferrous sulfate medium did not grow. The addition of sodium or ammonium chloride to shake flasks containing ferrous sulfate revealed that 0.14 M chloride was toxic to these bacteria, as was nitrate (see below). Influence of pH and phosphate on the oxidation of ferrous iron by Thiobacillus ferrooxidans. "Total iron" includes dissolved and suspended iron. Conditions: 0 = pH 2.5, 1 X KH2PO4 (= 500 ppm; 3.67 X 10-3 M); X = pH 1.8, 1 X KH2PO4; A = pH 1.4, 1 X KH2PO4; * = pH 1.2, 1 X KH2PO4; + = 2.5, 2 X KH2PO4; * = pH 1.8, 2 X KH2PO4; O = pH 2.5, 1 X KH2PO4, uninoculated. In Fig. 1 is shown, graphically, the effect of initial pH and phosphate on the oxidation of ferrous sulfate media in shake flasks. In cultures initiated at pH 2.5, the final insoluble Fe-+ was about 2,100 ppm. At pH 2.5 and 1.8, rates of iron oxidation were comparable, in spite of the prolonged lag period at the lower pH. At the end of the lag (60 hr), the initial pH of 1.8 had increased to 2.1. Increased phosphate reduced activity at pH 2.5 (see also Silverman and Lundgren, 1959a ) much more so than at pH 1.8, but there is no clear explanation for this, apart from the diverse effects resulting from the copious ferrous phosphate precipitate formed at the higher pH. When the initial pH was 1.6, cells were practically free from precipitated iron (less than 30 ,ug of insoluble Fe+++ per ml of culture), although the pH increased to 2.0 in 120 hr. Washed sedimented material from cultures grown from an initial pH of 1.6 contained 3.1 ,ug of N/ml, as compared with the 3.4 to 6.8 Ag/ml reported by Silverman and Lundgren (1959a and probably reflect a larger number of energygenerating steps in electron transport from sulfur or sulfides. These results are at variance with those of Beck (1960) , who concluded that the energy yields from iron and sulfur were approximately the same.
The effects of some compounds on iron oxidation, as determined by the rapid method using cell suspensions, are shown in Table 1 . Cations were generally innocuous, but salts of halides and nitrates were inhibitory. Fluoride and azide, which might be expected to inhibit growth, also prevented iron oxidation. Citrates did not inhibit at 0.1% (5.2 X 103 M), but, in agreement with the manometric results of Silverman and Lundgren (1959b) , did so at higher levels.
Sulfur oxidation. Inoculations of bottles of sulfur medium with a large number of cells (10 Mg of cell N) from 5-day iron or 2-month thiosulfate cultures were followed by long lag periods during stationary incubation at 35 C. Acid production began at 20 days and ceased at 32 days (pH 1.5), when most of the sulfur had sunk below the surface of the medium. Subcultures from sulfur medium prior to cessation of acid production grew rapidly on sulfur, reaching pH 1.7 in 12 days. The rate of acid formation is shown in Fig. 3 , together with the initial concentration of cellular nitrogen in the medium. Larger cell yields were obtained by increasing the buffering capacity of the medium with additional phosphate, but 0.25 M phosphate was inhibitory. The solutions became turbid with bacteria and sunken sulfur grains, fewer than 10% of the bacteria being found on the sulfur particles at any one time. Tolerance of T. ferrooxidans to increasing concentrations of copper and to other cations has been briefly mentioned and described as a matter of "training" (Bryner et al., 1954) or "breeding" (Zimmerley, Wilson, and Prater, 1958 Table 3 . Essentially, no acid production occurred when fresh medium above pH 5.5 was inoculated with cells grown on sulfur, but acid production in a given culture was maintained if the pH was raised as high as 6.5 by the addition of ammonium hydroxide. Since the buffering capacity of the medium was negligible above pH 3, a small continuation of acid production by actively oxidizing cells brought the pH down quickly to a favorable level, whereas transferred cells apparently could not re-establish themselves at a high pH. It is possible that contact with sulfur must be established by new inocula and is prevented at a pH above 5.5. Erratic results were obtained from subcultures of cells at pH 1.5 to 1.7. These bacteria therefore appear more acid-sensitive than does T. thiooxidans, and indeed seldom produce enough acid to bring the pH below 1.6 under any circumstances.
Small inocula from chalcopyrite stationary cultures produced a pH of 2.0 on sulfur in 15 days.
Oxidation of metallic sulfides. When chalcopyrite (CuFeS2) was oxidized by the bacteria, the best measure of substrate oxidation was sulfate formation (Fig. 4) . When chalcopyrite was oxidized in stationary culture, the oxidation proceeded at a constant rate as shown by sulfate formation; both soluble copper and soluble iron values were low and erratic. After treatment of a sample of medium with 4 N HCI, the iron and copper values approached those for sulfate. This suggested that iron and copper formed a relatively insoluble complex after release from chalcopyrite. Dilution of the medium itself did not completely break down this complex into soluble iron and copper, although some copper was liberated. It was consistently observed that ferric iron concentrations were always lower than expected from the amount of sulfate found, and, in addition, soluble copper levels above 1,500 ppm rose slowly. The method finally adopted for determining the total iron and copper released from chalcopyrite during oxidation was to transfer a sample of thoroughly suspended culture to two volumes of 6 N HCl and stir well. Most of the copper and iron dissolved, and the chalcopyrite itself remained insoluble. The moles of copper and iron obtained in this manner equaled the moles of sulfate and are referred to henceforth as "total copper" or "total ferric At 142 days, the culture was diluted with two volumes of fresh 9K salts solution (pH 2.5). Razzell and Trussell, 1963) , inoculum size (Table 4) , temperature (Table 5) , and pH (Table  6) Silverman and Lundgren (1959b) , temperature inhibition at 37 C was not observed.
Whereas sulfur oxidation could be initiated by small inocula of cells at a pH as high as 5.5, Leathen and Braley (1955 Colmer (1962) confirmed these observations. In contrast to T.
thiooxidans, which caused a drop in pH to 2.0 in 30 days, T. ferrooxidans caused a rise in pH to 5.5 to 6.0 in 30 days, followed by a drop to pH 3.5 to 4 in the subsequent month. Tests for tetrathionate (Vishniac and Santer, 1957) The adaptability of these organisms to metallic ions is quite surprising. For example, by serial transfer it has been possible to show iron oxidation in a solution containing both 5 % iron sulfate and 5% copper sulfate. A direct attack by these bacteria on the metallic sulfides may be assumed to occur; oxidation of CuS has been shown to proceed in the virtual absence of iron, and Bryner et al. (1954) also observed oxidation of Cu2S when iron was presumably absent.
The ability of these organisms to resist influences commonly toxic to other forms of life suggests an opportunity to investigate mechanisms of cellular resistance to chemical damage which could hardly be duplicated with other cells. The apparently wide distribution of these bacteria establishes them as a probable factor in soil and rock transformations at low pH, leading to the solution of metallic sulfides which may affect plant and estuarine life, and which is known to be of economic importance in the mining industry (Razzell and Trussell, 1963) .
